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Is there an association between level of adult blood pressure
and nephron number or renal filtration surface area?
Background. Reductions in renal filtration surface area
(FSA) have been linked to development of hypertension. This
study investigated whether there are direct relationships, in the
adult rat, between levels of blood pressure and nephron number
or total renal FSA.
Methods. F1 and F2 offspring were generated from a sponta-
neously hypertensive rat (SHR)/Wistar Kyoto (WKY) rat cross.
Tail-cuff systolic blood pressure was measured twice weekly
from 5 to 15 weeks of age and mean arterial blood pressure
determined prior to sacrifice. At 15 weeks of age, the rats were
perfusion-fixed and glomerular (and thereby nephron) num-
ber, glomerular size, total length, and surface area of glomerular
capillaries and total renal FSA were determined using unbiased
stereologic techniques.
Results. In F1 offspring, blood pressure levels were midway
between the SHR and WKY rats. Nephron number was signif-
icantly higher in the WKY rats compared to the SHR and F1
offspring. However, there was no difference in nephron num-
ber between the F1 rats and SHR and no difference in renal
FSA between the three groups. In the F2 generation, where
there is random segregation of the SHR and WKY genes, there
was no significant correlation between either nephron number
and adult blood pressure (r2 = 0.16, P = 0.11) or total renal
FSA and adult blood pressure (r2 = 0.02, P = 0.58). There was
a significant inverse correlation between nephron number and
glomerular size (r2 = 0.49, P = 0.0043).
Conclusion. There is not a direct corollary between nephron
number or renal FSA and level of blood pressure in this rat
model.
The kidney is thought to play a critical role both in the
pathogenesis and etiology of hypertension. Renal trans-
plantation studies have suggested that primary genetic
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defects reside in the kidney [1–3], which subsequently
lead to the development of hypertension. For instance,
it has been shown that transplantation of kidneys, prior
to the development of hypertension, from the sponta-
neously hypertensive rat (SHR) into the normotensive
Wistar-Kyoto (WKY) rat leads to the development of
hypertension in the WKY [4]. It has been postulated by
Brenner, Garcia, and Anderson [5] that it is a reduction
in renal filtration surface area (FSA), resulting from a
reduction in the number of nephrons (glomeruli) and/or
a decrease in FSA per glomerulus, which is the funda-
mental renal abnormality that initiates essential hyper-
tension. It is postulated that reductions in renal FSA lead
to sodium retention and subsequent increase in blood
volume, which ultimately leads to a rise in mean arte-
rial blood pressure. The systemic hypertension can then
lead to glomerular hypertension, glomerular sclerosis and
eventual pathologic loss of glomerular function thus per-
petuating a cycle of blood pressure elevation and pro-
gressive glomerular loss. Hence, it is conceivable based
on this hypothesis that congenital defects in nephron en-
dowment may be the genetic factor residing in the kidney
that leads to the development of hypertension later in life.
In support of this hypothesis, a number of animal
studies have linked a congenital nephron deficit (either
aquired or genetic) with elevated blood pressure [6–11].
However, whether there is a causal relationship between
nephron deficit and hypertension has not been eluci-
dated. A number of studies report differences in nephron
endowment between a genetically hypertensive strain of
rat and a normotensive strain [8–10]. However, pheno-
typic differences between strains are not necessarily the
cause of the genetically determined differences in blood
pressure [12].
It has been shown that an effective way of address-
ing this problem is to study the effects of crossbreeding
genetically hypertensive and normotensive strains to pro-
duce a random segregation of genes. If out of this random
genetic mix, a particular phenotypic trait cosegregates
with high blood pressure, then it can be concluded that
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the trait and blood pressure are directly related [13, 14].
The advantage of the F2 population is its range in blood
pressures. It has been shown that within the F2 popu-
lation the blood pressure range can be up to 60 mm Hg
[15]. The random genetic mix of traits in the F2 population
allows for the determination of whether or not the alle-
les controlling the trait (or traits) of interest cosegregate
with the alleles responsible for hypertension. Studies thus
far, using the cosegregation approach have shown that in
the SHR the renin gene [16], the brain naturiuretic pep-
tide gene [17], and the angiotensin I-converting enzyme
(ACE) gene [18] cosegregate with blood pressure. Of par-
ticular interest, reduced glomerular filtration rate, which
may be related to reduced renal FSA, has also been shown
to cosegregate with high blood pressure in the immature
SHR [19].
In the present study, using cross-breeding studies be-
tween the SHR and WKY rat, we have studied the re-
lationship between nephron number and levels of adult
blood pressure in the F2 generation to determine whether
there is a direct corollary between nephron number and
level of adult blood pressure. Importantly, we have also
investigated the relationship between total renal FSA and
level of adult blood pressure. This is important because
a reduction in nephron number does not necessarily im-
ply a reduced renal FSA (due to glomerular hypertro-
phy). To address these aims, nephron number, total renal
FSA, and mean arterial blood pressure were investigated
in the F1 and F2 generations derived from a SHR/WKY
cross.
METHODS
Animals
F1 generation. Normotensive female WKY rats and
male SHR rats were crossed to obtain F1 progeny. Male
SHR and WKY rats were used for comparison to male F1
offspring. The SHR and WKY rats were obtained from
the Animal Resources Center in Perth, Western Aus-
tralia. These SHR and WKY colonies were derived from
the original breeding stock in Izumo, Japan.
F2 generation. F1 progeny were in turn mated to ob-
tain F2 progeny. Brothers and sisters were not mated in
this process. The rats were weaned from their mothers at
4 weeks of age. Only the F2 males were used in this study.
All rats used were housed four or less to a box and
maintained at an ambient temperature of 23 to 25◦C.
Standard rat chow and water were supplied ad libitum.
All rats were sacrificed at 15 weeks of age. The animal ex-
periments were approved by the Monash University, De-
partment of Anatomy Ethics Committee and treatment
and care of the animals conformed with the Australian
Code of Practice for the Care and Use of Animals for
Scientific Purposes.
Measurement of systolic blood pressure and body weights
Tail-cuff systolic blood pressure and body weight of
the male SHR and male WKY rats were monitored twice
weekly from 10 to 15 weeks of age. In F1 and F2 progeny,
tail-cuff systolic blood pressure and body weight were
measured twice weekly from 5 to 15 weeks of age. Sys-
tolic blood pressure was measured in preheated rats us-
ing a photoelectric tail-cuff pulse detection system (IITC
Life Sciences, Woodland Hills, CA, USA). The rats were
preconditioned to the procedure prior to the start of the
study.
Measurement of mean arterial blood pressure
On the day of sacrifice, conscious mean arterial blood
pressure was measured via a catheter in the tail artery.
Rats were anesthetized with methohexitone (Brietal
Sodium, 50 mg/kg/rat intraperitoneally) (Eli Lilly, West
Ryde, New South Wales, Australia), the tail artery ex-
posed via an incision on the proximal tail, and a catheter
(0.8 mm OD Teflon tubing) (Atlantic Tubing, Paterson,
NJ, USA) was inserted. Rats were allowed 1 to 2 hours
to recover before measurement of conscious mean arte-
rial pressure, which was recorded on a Grass Polygraph
(Grass Model 7D Polygraph) (Grass Instruments Co.,
Quincy, MA, USA) for a period of 20 minutes.
Perfusion-fixation
After measurement of conscious mean arterial blood
pressure, rats were anesthetized with sodium pentobar-
bitone (Nembutal, 40 mg/kg intraperitoneally) (Rhone
Merieux, Pinkemba, Queensland, Australia), the ab-
dominal aorta exposed via a midline incision, and tied
off above the renal arteries and the superior mesen-
teric artery. A catheter was inserted into the abdominal
aorta, heparin sodium (1 unit heparin/gram body weight)
(Pharmacia and Upjohn P/L, Rydalmere, New South
Wales, Australia), to prevent clotting, and papaverine
hydrochloride (1.2 mg/rat) (David Bull Laboratories,
Mulgrave, Victoria, Australia), to dilate the vasculature,
were administered. The vasculature was cleared with
physiologic saline before perfusion-fixation with 2.5%
glutaraldehyde (Chem-Supply P/L, Gilman, South Aus-
tralia, Australia) in 0.1 mol/L phosphate buffer (pH 7.4)
at a pressure of 140 mm Hg. The left kidney was then ex-
cised decapsulated and placed in 10% buffered formalin.
Tissue processing, sectioning, and staining
Perfusion-fixed left kidneys were sliced at 1 mm in the
horizontal plane using a razor blade slicing device.
Embedding in glycolmethacrylate. Every second kid-
ney slice was sampled, dehydrated through graded al-
cohols, and embedded in glycolmethacrylate (Technovit
7100 Resin; Heraeus Kulzer, Wehrheim, Germany). The
blocks were exhaustively sectioned at 20 lm using a
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Supercut microtome (Leica RM 2165) and every tenth
and eleventh sections were collected (with the first pair
randomly chosen) and stained with hematoxylin and
eosin.
Embedding in epon-araldite. Eight cubes of cortex
were randomly sampled from the remaining kidney slices
and embedded in epon-araldite. The blocks were sec-
tioned at 1 lm and several sections mounted onto slides
and stained with toluidine blue.
Estimation of kidney volume
Kidney volume was determined in sampled glycol-
methacrylate sections (every tenth section) using the
Cavalieri principle [20].
Estimation of glomerular (nephron) number
and glomerular volume
To estimate the total number of glomeruli (and thereby
nephrons) in a kidney, an unbiased stereologic method,
the physical disector/fractionator combination was used
[21, 22]. The 20 lm glycolmethacrylate section pairs were
used. Using this method, all glomeruli have equal chance
of being sampled, regardless of their shape, size, or loca-
tion in the kidney.
As well, in glycolmethacrylate sections, mean glomeru-
lar tuft volume was determined using established stereo-
logic point counting techniques [21, 22].
Estimation of glomerular capillary length
and surface area
Using an Olympus light microscope (BX50F4) (Olym-
pus, Tokyo, Japan) equipped for projection, the 1lm
epon-araldite sections (one randomly selected per block)
were projected at low magnification (4×) onto a tabletop.
Two glomerular profiles were sampled from each sec-
tion using the method of Nyengaard [23]. These sampled
glomeruli were magnified further using a 100× oil immer-
sion lens and an orthogonal grid superimposed on the
projected image. Using standard stereologic techniques,
total glomerular capillary length and surface area were
estimated [21, 22].
Estimation of total renal FSA
The total FSA of the kidney was estimated by multiply-
ing mean surface area of capillaries per average glomeru-
lus by the total number of glomeruli in the kidney [22].
Statistical analysis
Data were analyzed using GraphPad Prism version
3.00 for Windows (GraphPad Software, San Diego, CA,
USA). Prior to statistical analysis, all data were tested
for normality using a Kolmogorov-Smirnov test. All data
were found to be normally distributed. To compare stere-
ologic data at termination of treatment, a one-way analy-
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Fig. 1. Tail-cuff systolic blood pressure from 10 to 15 weeks of age in
male spontaneously hypertensive rats (SHR) (N = 8) and Wistar-Kyoto
(WKY) rats (N = 8), and from 6 to 16 weeks of age in F1 offspring
(N = 8). Values are means ± SEM.
sis of variance (ANOVA) was performed with a Bonfer-
roni post hoc analysis to determine differences between
groups. A two-way analysis of variance was used to de-
termine differences between SHR, WKY and F1 groups
in body weight and blood pressure over time. A probabil-
ity of 0.05 or less was considered statistically significant.
Results are expressed as means ± standard error of the
mean (SEM).
RESULTS
Parental SHR and WKY strains and F1 generation
Body weights. The F1 hybrid offspring by 10 weeks of
age had a significantly elevated body weight (P < 0.001)
compared to the SHR and WKY inbred strains and these
animals remained larger throughout the experimental pe-
riod. SHRs were heavier (approximately 8%) than WKY
rats throughout the study period (P < 0.01). The gain in
body weight over the experimental period was similar in
all groups. At 15 weeks of age, body weights were 298 ±
5 g in the WKY rats, 332 ± 6 g in the SHRs, and 402 ± 4 g
in the F1 hybrids.
Systolic and mean arterial blood pressure. During the
experimental period, tail-cuff systolic blood pressure was
significantly different (P < 0.001) between the three ex-
perimental groups (Fig. 1). At 10 weeks of age, there was
already a 10% difference in tail-cuff systolic blood pres-
sure between the WKY and SHRs. The systolic blood
pressure of the WKY animals remained low throughout
the experimental period, at about 145 mm Hg (Fig. 1).
The systolic blood pressure of the SHR animals steadily
increased until 15 weeks of age (Fig. 1). Systolic blood
pressure in the F1 rats also showed a small but steady
increase to reach a level midway between the SHR and
WKY rats at 15 weeks (Fig. 1).
Similar trends between groups were observed in mean
arterial blood pressures. At 16 weeks of age, prior to
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Table 1. Stereologic estimates of kidney volume, nephron number,
mean glomerular volume, average length and surface area of
glomerular capillaries per glomerulus and total renal filtration surface
area (FSA) in male Wistar-Kyoto (WKY), spontaneously
hypertensive rats (SHR), and F1 rats at 16 weeks of age
WKY (N = 8) SHR (N = 8) F1 (N = 8)
Kidney volume mm3 1025 ± 45.57 1188 ± 56.89 1493 ± 54.96
Nephron number 26996 ± 329a 22068 ± 423 22686 ± 470
Mean glomerular 1.022 ± 0.053a 1.591 ± 0.133 1.844 ± 0.058
volume × 10−3 mm3
Total length of 9.35 ± 0.92a 14.04 ± 1.73 14.65 ± 0.73
glomerular capillaries
per average
glomerulus mm
Total surface 2.03 ± 0.14a 3.01 ± 0.38 3.17 ± 0.10
area of glomerular
capillaries per
average glomerulus ×
10−1 mm2
Total renal FSA × 5477 ± 373 6604 ± 808 7192 ± 259
103 mm2
Values are means ± SEM.
aP < 0.05, compared with SHR and F1 rats.
sacrifice, there was a significant difference (P < 0.0001)
between all groups in mean arterial blood pressure. Mean
arterial blood pressure in the SHR was significantly ele-
vated (P < 0.001) compared to the F1 rats (172 ± 4 mm
Hg and 143 ± 1 mm Hg, respectively) and, in turn, the
mean arterial blood pressure was significantly elevated
(P < 0.001) compared to the WKY rats (126 ± 2 mm
Hg).
Kidney volume. Kidney volumes of the F1 animals
were significantly higher (P <0.001) than in the WKY rats
and SHR (Table 1), which correlates with the increased
body weight in the F1 animals. There was no difference
in kidney volume between the SHRs and WKY rats
(Table 1). Kidney volume/body weight ratios were similar
in the three groups.
Glomerular (nephron) number and volume. At 16
weeks of age, there were significantly fewer (P < 0.001)
glomeruli in the kidneys of SHRs than in WKY rats
(Table 1). As well, F1 rats contained significantly fewer
(P < 0.001) glomeruli than WKY rats. However, there
was no difference in glomerular number between the F1
rats and SHRs (Table 1).
Mean glomerular volume in WKY rats was signifi-
cantly less (P < 0.001) than in the SHR and F1 animals
(Table 1). However, there was no statistical difference in
mean glomerular volume between the SHR and F1 rats
(Table 1).
Length and surface area of glomerular capillaries.
Concomitant with the increase in mean glomerular vol-
ume in the SHR and F1 rats compared with the WKY
rats, there were significant increases in the dimensions of
glomerular capillaries. The total length and surface area
of capillaries per average glomerulus in the SHR and F1
rats was significantly (P < 0.05) greater than in the WKY
rats (Table 1).
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Fig. 2. Measurements of pressure from 5 to 15 weeks of age in F2 male
rats. (A) Tail-cuff systolic blood pressure from 5 to 15 weeks of age in
F2 male rats (N = 17). Values are means with minimum and maximum
values for each time point. (B) Scatter plot of mean arterial pressures
at 15 weeks of age in F2 rats.
Total kidney FSA. There was no significant difference
in total kidney FSA between the SHR, WKY, and F1
experimental groups (Table 1).
F2 generation
Body weight. At 5 weeks of age, the F2 animals
weighed 115 ± 3 g and steadily gained weight over the
time period to average 388 ± 10 g at 15 weeks.
Blood pressure. Results from the repeated measure-
ments of tail-cuff systolic blood pressures from 5 to 15
weeks are shown in Figure 2A. During the experimental
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period the ranges in tail-cuff systolic blood pressure at
each time point were large with a final blood pressure
range of 52 mm Hg at 15 weeks.
At termination, mean arterial blood pressures in the F2
animals ranged from 124 mm Hg to 160 mm Hg and were
spread normally across this range (P > 0.1) (Fig. 2B).
Kidney volumes. At 15 weeks, kidney volumes ranged
from 1055.6 mm3 to 1938.1 mm3 with the mean kidney
volume 1449.5 ± 60.3 mm3. The kidney volume measure-
ments followed a normal distribution (P > 0.1). There
was no significant relationship between kidney volume
and mean arterial pressure.
Glomerular (nephron) number. The total numbers
of nephrons per kidney in the F2 population ranged
from 21574 to 37501 (Fig. 3A). Total nephron number
was not correlated with mean arterial blood pressure
(Fig. 3B). Similarly, there were no significant correlations
between nephron number and body weight or kidney vol-
ume. However, there was a significant inverse correla-
tion between nephron number and glomerular size (P =
0.0043, r2 = 0.4935) with larger numbers of glomeruli per
kidney associated with smaller glomerular volumes, and
vice versa (Fig. 3C).
Glomerular capillary length and surface area. Esti-
mates of capillary length per average glomerulus ranged
from 7.6 mm to 21.7 mm, while estimates of capillary sur-
face area per average glomerulus ranged from 0.22 mm2
to 0.57 mm2. Both the glomerular capillary length and sur-
face area measurements followed a normal distribution
(P > 0.1).
Total renal FSA. The total renal FSA in the F2 popu-
lation ranged from 6178 mm2 to 13880 mm2. Figure 4A
shows a scatter plot of estimates of total renal FSA in the
F2 animals. There was no correlation between total renal
FSA and mean arterial blood pressure (Fig. 4B).
DISCUSSION
In this study, cross-breeding SHRs with WKY rats led
to an F1 hybrid generation with blood pressure inter-
mediate between the inbred strains. By comparing these
groups, we found a significant increase in the number of
glomeruli in the normotensive WKY strain compared to
the SHR and F1 hybrid strains. However, although there
was a significant difference in blood pressure between the
SHR and F1 animals, there was no significant difference in
glomerular (and thereby nephron) endowment between
these two groups. In the SHR and F1 animals, where
nephron endowment was significantly reduced compared
to the WKY rats, there appeared to be a compensatory
hypertrophy of the glomeruli with mean glomerular vol-
ume and total length and surface area of glomerular cap-
illaries increased in these rats compared to the WKY rats.
As a result there was no difference in total kidney FSA
between the three groups. By mixing the genetic pool
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Fig. 3. Glomeruli of F2 male rats at 15 weeks of age. (A) Scatter plot
of the total number of glomeruli in the kidneys of F2 male rats (N = 17)
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in the F2 generation derived from the SHR and WKY
strains, we investigated whether there were any relation-
ships between adult blood pressure and nephron endow-
ment, and adult blood pressure and total renal FSA. No
such relationships were observed, indicating that there is
not a direct corollary between either nephron number or
renal FSA and level of adult blood pressure. However, re-
lationships between glomerular number and glomerular
volume were observed indicative of compensatory hyper-
trophy when nephron endowment is reduced.
Compensatory hypertrophy in response to reduced
nephron numbers is well described [24–26]. During com-
pensatory hypertrophy, all of the components of the
nephron are enlarged, including glomerular diameter
and volume. In the present study, we showed that the
increases in glomerular tuft volume were attributed to
an increase in glomerular capillary length and surface
area, thus maintaining renal FSA. This observed increase
in glomerular capillary length and surface area could
be due to either hypertrophy of preexisting glomerular
capillaries or proliferation (angiogenesis) of glomerular
capillaries. The mechanisms of this observed glomerular
capillary growth could not be elucidated with the current
methodology.
Our results do not support the hypothesis that the ma-
jor renal abnormality that initiates the primary hyper-
tension in the SHR is a reduction in total renal FSA, as
a result of reductions in glomerular (nephron) number
and/or a reduction in FSA per glomerulus. This supports
previous findings in our laboratory [27]. In the present
study the F2 animals at 15 weeks of age there was a
52 mm Hg range in systolic blood pressures. However,
there was no evidence of decreased nephron endowment
in rats with the higher systolic blood pressures. Similarly,
there was no evidence of reduced total renal FSA in rats
with the higher systolic blood pressure.
Several previous studies have reported differences in
nephron endowment in adult genetically hypertensive
rats compared to their normotensive counterparts [8–
10]. This has lent support to the idea that congenital dif-
ferences in nephron endowment may contribute to the
development of hypertension in these genetically hyper-
tensive strains. However, this is not a universal finding
in all studies using the SHR [27, 28]. In a previous study
in our laboratory, we found no difference in nephron en-
dowment between young SHRs and WKY rats prior to
the onset of hypertension in the SHR, thus demonstrat-
ing that a reduced nephron endowment is not involved in
the etiology of hypertension in the SHR but may relate
to loss of glomeruli with the onset of hypertension [27].
Hellmann, Davis, and Thurau [29] have examined the
relationship between glomerular number and conscious
systolic blood pressure in 4- to 53-week-old Prague hy-
pertensive rats. The Prague hypertensive rat strain is a
strain developed from Wistar rats where hypertensive
and normotensive lines were originally bred from a sin-
gle parental pair [30]. Similar to our findings, Hellmann,
Davis, and Thurau [29] could not demonstrate a causal
relationship linking raised blood pressure to decreased
glomerular number or volume in the Prague hyperten-
sive rat model. However, in their study, glomerular num-
ber was determined using an acid-maceration technique,
which does have technical limitations that can lead to an
overestimation of the number of glomeruli if they break
apart during the digestion. In our study, we used an un-
biased stereologic approach, which is considered to be a
more accurate method of estimating glomerular number
[21, 31].
Our results suggest that the abnormality residing in the
kidney that leads to elevated blood pressure in the SHR is
not related to congenital deficits in nephron endowment.
An alternative possibility for this renal abnormality is
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suggested by Norrelund et al [32]. In their study, also us-
ing an F2 population derived from an SHR/WKY cross,
there was an inverse relationship between renal afferent
arteriole lumen diameter and blood pressure. Hence, they
suggest that a narrowed lumen of the renal afferent arte-
rioles may account for the later development of increased
blood pressure in F2 animals. This fits in with the findings
of Harrap and Doyle [19] where a reduced renal blood
flow was shown to cosegregate with high blood pressure
in the immature SHR.
CONCLUSION
In this study using an F2 generation, where there is
random mixing of SHR/WKY genes, there was no coseg-
regation of reduced numbers of nephrons in the kidney
with increased levels of adult blood pressure, nor of re-
duced total renal FSA with increased levels of adult blood
pressure. Hence, in this rat model, there is not a direct
corollary between nephron number and level of blood
pressure or renal FSA and level of blood pressure.
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